The study of sporulation in Saccharomyces cerevisiae is complicated by the fact that not all cells in the population complete sporulation and that the kinetics of development of those which do are not synchronous. By separating vegetative cells by zonal rotor centrifugation into fractions of increasing cell volume and hence progressive stages of the vegetative cell cycle, it was possible to observe sporulation of more homogeneous, synchronous populations. The capacity of S. cerevisiae to complete sporulation is low for small single cells at the beginning of the cell cycle and is greatest for large budded cells about to divide. The capacity of a cell to complete sporulation thus appears to be directly related to the stage in the vegetative cell cycle from which it was taken. The use of synchronously sporulating cultures made it possible to examine very early decision events leading to the commitment of a cell to sporulation. In addition, differences in the capacity of a mother and daughter cell produced by cell scission were examined.
The study of sporulation in Saccharomyces cerevisiae is complicated by the fact that not all cells in the population complete sporulation and that the kinetics of development of those which do are not synchronous. By separating vegetative cells by zonal rotor centrifugation into fractions of increasing cell volume and hence progressive stages of the vegetative cell cycle, it was possible to observe sporulation of more homogeneous, synchronous populations. The capacity of S. cerevisiae to complete sporulation is low for small single cells at the beginning of the cell cycle and is greatest for large budded cells about to divide. The capacity of a cell to complete sporulation thus appears to be directly related to the stage in the vegetative cell cycle from which it was taken. The use of synchronously sporulating cultures made it possible to examine very early decision events leading to the commitment of a cell to sporulation. In addition, differences in the capacity of a mother and daughter cell produced by cell scission were examined.
The study of sporulation of the yeast Saccharomyces cerevisiae has been restricted by the lack of precise information concerning the sequence of events during the process of differentiation. In large measure, the problem of studying specific morphological or biochemical changes has been caused by the lack of synchrony or sporulating cells, as reflected by both the kinetics and extent of sporulation. The broad time course of the completion of sporulation in a population and similarly broad periods of deoxyribonucleic acid (DNA) replication (2, 9) reflect asynchronous sporulation. In contrast to studies of the vegetative cell cycle of S. cerevisiae synchronous cultures, in which the synthesis of particular enzymes can be measured as discrete steps, the lack of a truly synchronous sporulation process has precluded a precise determination of the temporal order of sporulation events.
The study of sporulation is further complicated by the fact that usually only 50 to 70% of the population completes sporulation, as evidenced by the formation of refractile spores within an ascus. Thus the measurement of the appearance of particular enzymatic activities may be further obscured or distorted by the presence of cells which fail to complete sporu- ' Work conducted in part at the Laboratory of Molecular Biology, University of Wisconsin, Madison, Wis. lation, since these cells may still slowly continue growth or sporulation processes.
The need for a more homogeneous, synchronously sporulating culture prompted us to investigate the degree of asynchrony in commonly applied methods of sporulation. By using cell-separation techniques which have proved most successful in understanding cell cycle events during vegetative growth, it has been possible to determine the basis of asynchrony in sporulating cultures and to develop new methods for the study of more homogeneous, synchronously sporulating cells. This approach has permitted a study of events early in the sporulation process which may determine the ability of a cell to complete meiosis and sporulation. MATERIALS plete sporulation. If one considers only asci containing three or four spores in an ascus, the differences in the ability of cells to complete sporulation becomes even more striking.
Relation of sporulation capacity to the vegetative cell cycle. The above results suggest that there is a significant change in the capacity of cells to complete sporulation about the time of cell scission. Large budded cells about to divide exhibit a very high frequency of sporulation, whereas newly formed single cells resulting from cell scission have a much reduced ability to complete sporulation. If the capacity of a cell to complete sporulation were directly dependent on its stage in the vegetative cell cycle, a periodic variation in the extent of sporulation would be expected if sporulation were monitored over the time of more than one synchronous cell cycle. The scheme for such an experiment is presented in Fig. 2 . Cells grown in acetate growth medium were harvested and fractionated by zonal centrifugation to obtain the newly formed single cells. These cells were then reintroduced into acetate growth medium to begin synchronous growth. At intervals, samples were removed, washed twice in sterile water, and introduced at a constant cell number into sporulation medium. In this way, more than a single cell cycle could be followed, although growth in acetate medium has been found to be less well sustained than in media with glucose as the carbon source.
The results of this type of experiment indicate that the capacity of cells to complete sporulation does indeed depend on the stage of the vegetative cell cycle at which point sporulation was initiated (Fig. 3) . At (Table 1) .
As noted earlier, in the two strains (Y-55 and Y-185) which grow most readily in acetate growth medium small single cells give rise to a large number of asci containing only two spores. When the production of two-spored asci is measured over the cell cycle, a periodic fluctuation is observed for two-spored asci as with the production of three-and four-spored asci (Fig. 4) . The appearance of two-spored asci is, however, out of phase with the periodic rise of three-and four-spored asci.
Use of homogeneous cell fractions to study sporulation. With A second measurement can be made from homogeneous sporulating cultures to determine whether the mother and daughter cells are equivalently competent to sporulate. In a sample containing a high proportion of cells in which the daughter had achieved full size just prior to cell scission ( Table 2 , 150 min), the sporulation capacity of both halves of a double cell can be examined. Of these cells which sporulated, only one of the two equal-sized halves completed sporulation in 84% of the cases examined. When both halves contained spores (16%), the second ascus contained only two spores in approximately 30% of the sample. Thus, in the majority of cases, only one of the two cells about to divide (presumably the mother cell) completed sporulation. Since the size distribution of cells which complete sporulation remains the same as that initially introduced, it seems unlikely that cells in which both mother and daughter sporulated had then separated into two cells.
DISCUSSION
The study of sporulation in S. cerevisiae has been limited by a lack of precise information on the sequence of morphological and biochemical events accompanying meiosis and sporulation. In the past several years, several new techniques have appeared which now make it possible to begin to catalog systematically different stages of development. The refinement of electron microscopy (E. Guth et al., Bacteriol. Proc., p. 61, 1971) has made it possible to visualize a sequence of events associated with meiosis. At the same time, the isolation of a large number of temperature-sensitive sporulation mutants in S. cerevisiae (4) and in Schizosaccharomyces pombe (1) provides another powerful tool for studying processes essential for sporulation. By mapping the period of temperature sensitivity of these mutants (5) and by relating the point of arrest to morphological markers, it should now be possible to subdivide the sporulation process into a large number of discrete steps.
Synchronously sporulating cultures are required for examination of the time and stage of arrest in mutants during the sporulation cycle and especially for characterization of the associated sensitive biochemical events during the sporulation cycle. Such an approach has proven valuable with vegetative cultures to demonstrate the order of synthesis of a large number of enzymes (6) . To determine whether the same order of enzyme synthesis observed in the vegetative cell cycle is preserved in the interval preceding meiotic DNA replication requires a similar degree of synchronization.
The Certainly a substantial portion of the decrease in sporulation capacity after cell scission can be attributed to a sharp difference in the sporulation capacity of newly formed daughter cells from that of mother cells. The observation that sporulation occurs 85% of the time in only one of the halves of a double cell about to divide is in close agreement with the conclusions reached by Yanagita et al. (13) in studying sporulation of mother and daughter cells from late stationary phase. Nevertheless, a significant dependency of sporulation activity on the cell cycle, for both mother and daughter cells, is still indicated by the extent of variation in sporulation capacity from the beginning to the end of cell cycle. This dependency can be seen in two ways. First, if the decrease in sporulation following cell scission were fully attributable to the generation of one-half of the population which could not sporulate (daughter cells), the subsequent rise in successful sporulation would be attributed to the acquisition of competence later in the cell cycle. Thus, it seems that newly formed daughter cells require some period of growth, apparently at least up to the point of bud initiation and the onset of DNA synthesis, before sporulation is possible. A second indication of direct cell cycle dependency of sporulation is that the variation in sporulation exceeds a factor of two attributable to a total difference in the sporogenic activity of mother and daughter cells. With D649 (Table 1) sporulation ranges from less than 1% at the onset of the cell cycle to 60%. With Y-55 and Y-185, the variation is less extreme and is further complicated by the appearance of two-spored asci. Whether two-spored asci are the product of normal, but incomplete, sporulation, limited by available cellular reserves, or whether they are in some way different is currently under investigation. In terms of asci containing three or four spores per ascus, the variation in sporulation capacity ranges from approximately 10 to 75%. Thus, in addition to the development of competence by daughter cells after a period of growth following cell division, the sporulation capacity of mother cells must also increase significantly in the later part of the cell cycle. The very early shift of the cell along a pathway to sporulation precedes the irreversible point of commitment to sporulation. As defined by Sherman and Roman (11), commitment is reached when cells are unable to resume vegetative growth without first completing sporulation. The interval just after transfer to sporulation medium appears to be a critical period which merits further study.
The ability of S. cerevisiae to undergo sporulation is predetermined by the stage in the vegetative cell cycle from which the cells were derived. In many respects, this phenomenon is similar to the observation that Bacillus subtilis sporulation appears to be initiated only during the period of the cell cycle during which DNA replication occurs (3) . In S. cerevisiae, Hartwell (7) demonstrated that a number of mutants affecting different stages of the vegetative cell cycle are expressed much earlier in the cell cycle than the time of execution. In the case of sporulation, execution of sporulation events also appears to depend on the expression of activities prior to the exposure of the cells to the direct stimuli for sporulation.
The development of homogeneous, synchronously sporulating cultures has made it possible to begin to examine the stage of sporulation in detail. Experiments are currently in progress in our laboratory to identify which aspects of the normal vegetative cell cycle are maintained during sporulation and to examine in greater detail the early regulatory events controlling the transition of the vegetative cell to sporulation.
